The electron paramagnetic resonance g factors g and g ⊥ for Er 3+ in the superconductor Pr 2 CuO 4 are investigated by using the perturbation formulas of g factors for a 4f 11 ion in tetragonal symmetry. In these formulas, the contributions to the g factors due to the second-order perturbation terms and the admixture of different states are considered. The crystal field parameters used in the calculations are obtained from the superposition model and the local structural parameters of the impurity Er 3+ located on the host Pr 3+ site. The superposition model parameters adopted in this paper are comparable with those for similar tetragonal Er 3+ centers in some zircon compounds in previous work. The above investigations may be helpful to understand the electronic and magnetic properties and hence the superconductivity of the Er 3+ doped Pr 2 CuO 4 .
Introduction
Pr 2 CuO 4 belongs to the family of high-T c electron superconductors R 2−x Ce x CuO 4−y (R = Pr, Nd, or Sm), having the T -type crystal structure of Nd 2 CuO 6 instead of the T -type structure of K 2 NiF 4 [1, 2] . The magnetic properties of Pr 2 CuO 4 (and also this class of compounds) are believed to be of interest considering superconductivities [3 -6] . Obviously, these properties are closely related to the electronic properties of the CuO 2 plane in the Pr 2 CuO 4 superconductor. Since Er 3+ ion has an effective spin S = 1/2, a large g value (g 2) and a long spin-lattice relaxation time compared with other rare earth ions having a non-zero orbital angular momentum, it is suitable to act as electron paramagnetic resonance (EPR) probe in studying the electronic and magnetic properties of CuO 2 planes [7 -11] . In order to study the relationship between the magnetism and superconductivity, Rettori et al. [12] made EPR measurements on the g factors for Pr 2 CuO 4 :Er 3+ and obtained g ≈ 17.9 and g ⊥ ≤ 0.2. Up to now, however, the above useful results have not been theoretically investigated. Since information about the elec-0932-0784 / 03 / 0700-0439 $ 06.00 c 2003 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tronic properties of Er 3+ ion in Pr 2 CuO 4 is helpful to the understandings of the properties of superconductivity of the host material (or other superconductors in the R 2−x Ce x CuO 4−y series), theoretical studies on the g factors of the above Er 3+ center in Pr 2 CuO 4 are significant. In this paper, we investigate theoretically the anisotropic g factors for Er 3+ in Pr 2 CuO 4 by using the perturbation formulas of the g factors for a 4f 11 ion in tetragonal symmetry. In these formulas, the contributions to g factors from the second-order perturbation terms and the admixture of different states are taken into account. The validity of the results is discussed.
Calculation
Pr 2 CuO 4 belongs to the T -phase of the R 2 CuO 4 (where R denotes a rare earth ion), with I4/mmm symmetry [1, 2, 12] [12] , the lowest doublet should be Γ 6 . Thus, the perturbation formulas of the g factors for a 4f 11 ion in tetragonal symmetry may be written as [15] :
where the Landé factors g J for various states can be obtained from [13, 14] , and the nondiagonal elements g J may occur in the expansions of (1) and (2) for the interactions between different 2S+1 L configurations. In the above formulas, apart from the contributions to the g factors from the first-order perturbation terms, we also include the contributions from the second-order perturbation terms, which arise from the admixture of the lowest Γ 6 doublet with the other 14 irreducible representations Γ x (i.e., six Γ 6 and eight Γ 7 ) due to the tetragonal splitting of the ground 4 I 15/2 and the first excited 4 I 13/2 levels via crystal-fieldĤ CF and orbital angular momentumĴ interactions [15, 16] . In (2), the secondorder perturbation term g ⊥ (2) vanishes because none of the fourteen Γ x has a non-zero matrix element with the lowest Γ 6 doublet for bothĤ CF and the x or y component ofĴ operators. Γ γ (or γ , where γ and γ denote the two components of the Γ irreducible representation) is the basis function of the lowest doublet Γ 6 . In this basis function, the admixtures of different states are included, i. e., the admixture between the ground 4 I 15/2 and the excited 4 I 13/2 states via crystal-field interaction, the admixture among 2 K 15/2 , 2 L 15/2 and 4 I 15/2 , and that among 2 K 13/2 , 2 I 13/2 and 4 I 13/2 via spin-orbit coupling interaction. Thus, the formula for Γ γ (or γ ) can be expressed as [15, 16] 11 ) ion in tetragonal (C 4V ) symmetry, the crystal-field interactionĤ CF in the above formulas may be expressed in terms of the Stevens operator equivalents, i.e., [14, 15] 
where B q k (where k = 2, 4, 6; |q| ≤ k) are the crystalfield parameters. According to the superposition model [17] , they can be written as
where k q k (θ j , φ j ) are the coordination factors [17, 18] obtained from the local structural data of the studied Er 3+ center.Ā(R 0 ) and t k are, respectively, the intrinsic parameters (with the reference distance R 0 ) and the power law exponents. In Pr 2 CuO 4 , the host Pr 3+ is surrounded by eight nearest O 2− ions, with four of them at the distance R 1 H (≈ 2.678Å) and the angle θ 1 (≈ 47.60 • ), and the other four at the quite different distance R 2 H (≈ 2.333Å) and the angle θ 2 (≈ 57.94 • , here θ j is the angle between R j H and the fourfold axis of the crystal) [1, 2] . Since the ionic radius r i (≈ 0.881Å [19] ) of the impurity Er 3+ is smaller than the radius r h (≈ 1.013Å [19] ) of the host Pr 3+ , the impurity-ligand distances R j in the doped crystal may be unlike the host values R j H . According to the approximate formulas [20, 21] [13, 15, 16] can also be applied in this work. By substituting these parameters into (1) and (2) 
Discussion
From Table 1 , one can find that the calculated g and g ⊥ for Er 3+ in Pr 2 CuO 4 , based on the secondorder perturbation formulas of g factors for 4f 11 ions in tetragonal symmetry, agree well with the observed values, suggesting that the perturbation formulas adopted in this work are suitable. In addition, the parameters A 4 (R 0 ) ≈ 47.5 cm −1 andĀ 6 (R 0 ) ≈ 13.6 cm −1 for the [15] ) for the (ErO 8 ) 13 − clusters in zircon-type compounds and can be regarded as reasonable.
According to our calculations, the contributions to g arising from the second-order perturbation terms, having the absolute value of about 2, amount to about 12% of those from the first-order perturbation terms. Therefore, in order to explain the g factors for Er 3+ centers in crystals to a better extent, the second-order perturbation contributions should be taken into account.
Interestingly, the large anisotropy ∆g(= g − g ⊥ ≈ 17.9) of the observed g factors for Pr 2 CuO 4 :Er 3+ can be attributed to considerable tetragonal distortion near the Pr 3+ site occupied by the impurity Er 3+ , which seems related to the properties of this superconductor. So, the theoretical studies on the EPR g factors for the Er 3+ center in this paper may be helpful for the investigations on the electronic and magnetic properties of the CuO 2 plane in Pr 2 CuO 4 . The above theoretical methods can also be applied to other tetragonal Er 3+ centers in high-T c electron superconductors.
